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Introduction
Standard off-the-shelf hip and knee prostheses, which are used in the two most common orthopaedic surgeries worldwide, have been successfully implanted in many patients for over 30 years. 1 many previous anatomical studies evaluated the wide range of variability in the size and shape of the tibiofemoral joint. [2] [3] [4] in addition, osteoarthritis (oA) of the knee joint has become increasingly common in young and middle-aged patients. 5 The rate of unicompartmental knee arthroplasty (UKA) has increased three times faster than the rate of total knee arthroplasty (TKA). 5, 6 However, most femoral and tibial components used in UKA provide a range of five to six implant sizes despite the high degree of differentiation between patients. 7 Each prosthetic system generally provides pre-designed geometries according to the manufacturer. moreover, the prosthesis size is adjusted up or down intra-operatively in an attempt to optimise the resected bony surfaces. 7 The prosthetic fit influences the success rate in UKA. 8 Femoral and tibial overhang may cause increased pain and impingement of the soft tissue. [9] [10] [11] in contrast, femoral and tibial resection underhang contributes to component loosening and subsidence. 3, 7, 12 Patient-specific (PS) prostheses are used to treat patients in situations where standard off-the-shelf prostheses would not be a perfect fit. 13 Fitzpatrick et al 14 reported that PS resurfacing implants enable a femoral bone-preserving approach and enhance the cortical bone support in the tibia, overcoming the critical design limitations of commercial off-the-shelf implants. Carpenter et al 7 also reported that significantly less cortical rim overhang and undercoverage were observed with PS UKA in 30 patients. As such, PS UKA can restore normal anatomy, joint line position and normal joint function, with the potential to result in more normal knee kinematics. Harrysson et al 1 reported that PS TKA showed a more even stress distribution on the bone-implant interface using finite element (FE) analysis. This even distribution theoretically reduces uneven bone remodelling that can lead to premature loosening. 1 Similarly, van den Heever et al 15 demonstrated through FE analysis that PS UKA resulted in lower contact stresses at the tibiofemoral joint compared with a fixed-bearing design and displayed a more uniform stress distribution at the bone-implant interface than any of the other implant designs in UKA.
The most important advantage of PS UKA or PS TKA is the theoretically perfect coverage of the resected bone, which reduces the rate of underhang or overhang. The curvature parameters are the most important consideration for contact stress optimisation in PS UKA and TKA prosthetic design, even though patient kinematics would be enhanced if PS anatomical geometry is used accordingly. However, the effect of PS UKA has not yet been compared with that of standard UKA from a biomechanical perspective.
This study aimed to investigate the difference in the biomechanical effects of PS UKA and standard UKA. A validated FE model was used to evaluate the contact stresses on the polyethylene (PE) insert, articular cartilage and lateral meniscus. Stresses were compared with those of a normal healthy knee joint to assess the biomechanical effect of the prostheses. Both PS and standard UKAs involved fixed-bearing-type prostheses. The loading condition studied was normal-level walking. ). normal knee model. A non-linear 3D FE model of the intact knee was developed from CT and mRi of the knee joint of a healthy 36-year-old male subject. Computed tomography and mRi were performed using a 64-channel CT scanner (SomATom Sensation 64; Siemens Healthcare GmbH, Erlangen, Germany) and a 3T mRi system (Discovery mR750w; GE Healthcare, milwaukee, Wisconsin), respectively. The medical records of the subject were reviewed and no musculoskeletal disorders or limb alignment problems were found. Thus, the investigated knee was considered healthy without any history of related diseases. This computational knee joint model was established and validated in previous studies. [16] [17] [18] A 3D reconstruction procedure was initially required to develop the 3D FE model. The medial images were processed and segmented in software (mimics 17.0; materialise, leuven, Belgium) designed to generate the 3D structures of the lower extremity. The reconstructed CT and mRi models were combined with the positional alignment of each FE model using Rapidform (3D Systems Korea, inc., Seoul, South Korea), in which the bony structures were considered to be rigid bodies. 19 The articular cartilage and the menisci were modelled as isotropic and transversely isotropic, respectively, with linear elastic material properties (Table i) . 20 All major ligaments were modelled with nonlinear and tension-only spring elements (Table ii) . The interfaces between the articular cartilage and the bones were modelled to be fully bonded. [21] [22] [23] The six pairs of tibiofemoral contact between the femoral cartilage and the meniscus, the meniscus and the tibial cartilage and the femoral cartilage and the tibial cartilage were modelled for both the medial and lateral sides of the joint. 17 A finite sliding frictionless hard contact algorithm with no penetration was adopted for the contact points in all articulations. 17 Convergence was defined as a relative change of > 5% between two adjacent meshes. The average element size of the simulated articular cartilage and menisci was 0.8 mm. PS UKA design. The design process of PS UKA is described as follows: 3D-reconstructed PS bone geometry and surface data were used to develop the PS UKA geometry. The 3D images were converted to stereolithography files using mimics software, then loaded into the digital computer-aided design software, 3-matic (version 9.0; materialise, leuven, Belgium). This software allows the user to combine geometry from mixed sources into one project. The initial graphics exchange specification files exported from 3-matic were entered into Unigraphics NX software (version 7.0; Siemens Plm Software, Torrance, California) to develop the PS UKA.
Materials and Methods
The PS UKA geometry was designed to ensure a minimum component thickness of 3.0 mm for the femoral component and 2.0 mm for the metal backing of the tibial component. The sagittal geometry of the subject's bone was used for the geometry of the PS femoral component. 24, 25 Planes were introduced to the condyles in the sagittal view, in which the curves were used to extract the articulating surface geometry (Fig. 1) . 15 The subject's anatomic 'J' curves were mimicked through this procedure, providing a better approximation of the normal articulating geometry (Fig. 1) . The coronal curvatures were measured in multiple positions along the length of the femoral condyle by following the derivation of a mean value for the patient. 24 The average curvature was adjusted to maintain a minimum thickness of > 3 mm, which allowed for the derivation of the patient's constant coronal curvature (Fig. 1) . on the tibial plateau, the tibial component geometry was defined by the patient's tibial profile. The tibial plateau and the PE inserts were designed for minimal bone resection to provide a smooth articulating surface for the femoral component. The implant provided complete cortical rim coverage (> 95%) because it was PS. This result would not be achieved with the standard off-the-shelf UKA prosthesis (Fig. 1 ). 14 Fe models of PS and standard UKAs. The standard UKA (Zimmer Biomet inc., Warsaw, indiana) FE model was Design process of patient-specific unicompartmental knee arthroplasty for the a) subject's anatomic 'J' curve; b) spline curves used to model the femoral component; c) femoral component; and d) polyethylene insert that provides an anatomical fit and a perfect coverage. developed using a 3D laser scanner. The detailed procedure is described in a previous study. 16 The height of the PE insert was matched to the original bone anatomy by a sagittal cross-sectional image, 16, 26, 27 then aligned with the mechanical axis and positioned at the medial edge of the tibia. The neutrally aligned tibial component was defined as having a square (0°) inclination in the coronal plane. 16, 26, 27 A rotating axis was defined as the line parallel to the lateral edge of the tibial component passing through the centre of the femoral component fixation peg. A transverse resection with a posterior slope of 7° was made at the same anterior depth in both the PS and standard UKA models. moreover, the malalignment or overcorrection in the femoral compartment was not considered (Fig. 2) . A posterior slope of 7° was referred to herein as the subject's anatomical posterior slope. With respect to the implanted model, a 1 mm cement gap was simulated between the component and the bone. The PE insert and the femoral and tibial components were modelled as elastoplastic and linear elastic isotropic materials, respectively. [27] [28] [29] The materials of the femoral component, PE insert, tibial component and bone cement were cobalt chromium molybdenum alloy (CoCrmo), ultra-high-molecular-weight polyethylene (UHmWPE), titanium alloy (Ti6Al4v) and polymethyl methacrylate (PmmA), respectively ( Table i ). The femoral component made contact with the PE insert. The selected coefficient of friction between the PE and metal was 0.04. 29 This FE investigation included two types of loading conditions corresponding to the loads used in the experimental part of the study for model validation and predictions for daily activity loading scenarios. The intact model was validated in our previous study, [16] [17] [18] while the UKA model was validated by comparison with a previous experimental study. 30 The validation of the UKA model was performed with flexion angles of 0°, 30°, 60° and 90° through a passive flexion simulation. The anterior and posterior drawer loads of 130 N were separately applied to the tibia at the knee centre, in a similar fashion to that of the experimental study. 30 The daily activity loading was applied as a second loading to compare the biomechanical effects of the PS and standard UKAs. The computational analysis was performed with the anteroposterior force applied to the femur with respect to the compressive load applied to the hip. [31] [32] [33] [34] A proportional-integral-derivative controller was incorporated into the computational model to allow for the control of the quadriceps in a manner similar to that in the experiment. 35 The control system was used to calculate the instantaneous quadriceps displacement required to match a target flexion profile, which was the same as the experiment. 35 internal-external and varus-valgus torques were applied to the tibia. [31] [32] [33] [34] The FE model was analysed using Abaqus software (version 6.11; Dassault Systemes Simulia Corp., Providence, Rhode island). The contact stresses on the PE insert, articular cartilage and lateral meniscus were compared in the PS and standard UKAs and the normal healthy knee.
Results
UKA model validation. in the anterior drawer test at 130 N, the anterior tibial translations in the standard UKA model were 6.1 mm, 9.9 mm, 8.7 mm and 8.5 mm, while those in the posterior drawer test were 5.8 mm, 4.3 mm, 3.8 mm and 4.9 mm, respectively, at 0°, 30°, 60° and 90° of knee flexion (Fig. 3) . Agreement was observed between the results from our simulation and those from the previous experimental study within the ranges of values under the anterior and posterior drawer loadings. 30 Comparison of the maximum contact stress on the Pe insert in the PS and standard UKA Fe models. in order to evaluate the effect of the PS UKA compared with the standard UKA on the PE insert, the maximum contact stresses on the PE inserts were examined under gait loading conditions (Fig. 4) . The maximum contact stresses on the PE insert were found at approximately 17% of the gait cycle in both PS and standard UKAs. The maximum contact stress on the PE insert was greater during the stance phase in the PS UKA and during the swing phase of the gait cycle in the standard UKA. The maximum contact stress in the Finite element models used in the analysis: (a) normal knee; (b) patient-specific unicompartmental knee arthroplasty (UKA); and (c) standard UKA.
PS UKA in the stance phase was 11.5% greater than that in the standard UKA. in contrast, the maximum contact stress in the standard UKA during the swing phase was 19.3% greater than that in the PS UKA. However, no significant biomechanical effect of the PS UKA was observed on the PE insert that surpassed the standard UKA.
Comparison of the maximum contact stress on the articular cartilage and the lateral meniscus in the PS and standard UKA Fe models. The results were compared within the lateral compartment of the normal healthy knee to evaluate the biomechanical effect of the PS UKA on the articular cartilage and lateral meniscus compared with that of the standard UKA. Figure 5 shows the maximum contact stresses on the articular cartilage and lateral meniscus in the normal healthy knee and in the PS UKA and the standard UKA models during the gait cycle. A complicated trend was found for the articular cartilage.
The maximum contact stresses on the articular cartilage in both the PS and standard UKAs were lower than those on the normal healthy knee during the stance phase.
The maximum contact stress on the articular cartilage decreased by 16% to 18% and by 15% to 17% in the PS and standard UKAs, respectively, compared with the normal healthy knee in the stance phase. However, both UKA types showed greater stresses than the normal healthy knee in the swing phase. The contact stresses in the standard UKA was 32% greater, whereas that in the PS UKA was 7% greater, than the stresses in the normal healthy knee. Similar to those in the articular cartilage, lower contact stresses were found on the lateral meniscus in both PS and standard UKAs in the stance phase compared with the normal healthy knee. However, in double support, the contact stresses on the lateral meniscus in the PS and standard UKAs exceeded the contact stress in the normal healthy knee at approximately 50% of the gait cycle. The contact stresses on the lateral meniscus in the swing phase increased by 28% and 5% in the standard and PS UKAs, respectively, compared with the normal healthy knee.
Discussion
The PS surgical technique for UKA or TKA was implemented to improve functional outcomes and satisfaction rates. 7, 36 The reported benefits of the PS implant system include a more normal femoral rollback, enhanced coverage of the tibial plateau and a reduction in blood transfusions. 7, 23, 37, 38 UKA has also been offered to younger and more active patients as a more conservative treatment option than TKA. 15 Fitzpatrick et al 14 described the analysis of various theoretical designs for unicompartmental, commercially available implants on 34 tibias. The theoretical design in which the shape and size could both be altered was maximum contact stress on the polyethelene (PE) insert in patient-specific (PS) unicompartmental knee arthroplasty (UKA) and standard UKA.
found to provide significantly better cortical rim coverage than the standard off-the-shelf implants, regardless of the shape. However, a recent study found that the PS UKA provides statistically superior cortical bone coverage and fit because it minimises the rates of overhang and undercoverage that occur with standard off-the-shelf implants. 7 in addition, Patil et al 37 reported that PS implants provide kinematics closer to normal knee mechanics, even without using custom blocks, compared with standard offthe-shelf implants. Koeck et al 39 found that the PS UKA restores a more reliable mechanical axis of the lower extremity by obtaining a medial proximal tibial angle of 90° to avoid malpositioning and provide maximal tibial coverage. However, from a mechanical point of view, the majority of failures following UKA were caused by two problems: the wear of the PE insert; and progressive oA in the other compartment. 16, 40 To the best of our knowledge, no study has evaluated the effect of the PS UKA, compared with the standard UKA, on the restoration of normal healthy knee mechanics with respect to the other compartment. We hypothesised that if the implanted PS UKA prosthesis is as similar as possible to the normal healthy knee joint, it could result in post-operative biomechanical improvements as well as improved functional outcomes in the opposite compartment. A 3D non-linear FE model of the knee joint, which was primarily developed with bony structures and soft tissues, including the major ligaments, menisci and articular cartilage, was evaluated under gait-cycle loading conditions in order to verify our hypothesis. The maximum contact stress, which was closely associated with degenerative oA of the knee joint, was estimated. 19, 41 Contact stress is one of the main determinants of the long-term survival of a fixed-bearing UKA because higher contact stresses lead to a higher propensity for abrasive damage on the PE insert and, accordingly, accelerated wear. 24 The trends in the contact stresses on the PE insert, articular cartilage and lateral meniscus were consistent with the results of previous studies. 16, 29, 40 However, the study results showed no difference in the biomechanical effect of a PS UKA compared with that of a standard UKA. The PS UKA showed a lower contact stress in the swing phase, but a greater contact stress in the stance phase.
The more notable advantage of the PS UKA over the standard UKA was found in the lateral compartment. The contact stresses on the articular cartilage with the PS and standard UKAs were lower than those of the normal healthy knee in the initial stance phase. This could be caused by a difference in the stiffness of the PE insert and the articular cartilage because the axial load was mainly applied in the stance phase. The stiffness of the PE insert was greater than that of the articular cartilage. Hence, the contact stress was lower following UKA than it was in the normal healthy knee during the stance phase. The biomechanical advantage of the PS UKA over the standard UKA in relation to the impact on the articular cartilage was found in the swing phase during joint flexion. in other words, the PS UKA, using the patient's anatomical sagittal 'J' curves in the design, produces a biomechanical effect closer to that of a normal healthy knee than does the standard UKA. likewise, we reported in a previous study that keeping the joint line close to the intact anatomical position led to better biomechanical outcomes in the knee joint. 16 Furthermore, in our model, the PS and standard UKAs were virtually implanted in the ideal anatomical position, with the original cartilage replicating the original joint line, without malalignment of the components. Therefore, the beneficial biomechanical effect of the PS UKA may be related to the preservation of the PS geometry in the prosthetic design.
Similar to the findings for the articular cartilage, the contact stress on the lateral meniscus also decreased in the stance phase after UKA. in addition, this difference in the lateral meniscus was greater than that in the articular cartilage because of the difference in the stiffness between the lateral meniscus and the PE insert. Furthermore, the PS UKA was more effective at reducing the contact stress on the lateral meniscus than was the standard UKA, as was shown in the improvement in the swing phase. No improvement was observed in the biomechanical effect on the PE insert in the PS UKA compared with the standard UKA, as was initially assumed in this study. However, we do expect to prevent progressive degenerative oA in the lateral compartment because the PS UKA produced mechanics similar to those of the normal healthy knee. Several strengths of the present study should be highlighted. First, in contrast to the previous UKA studies, the FE model in this study included the tibia, femur and related soft tissues. 26, 27, 42 Secondly, in contrast to the current biomechanical UKA model, the present study included the application of gait cycle loading as opposed to a simple vertical static loading condition. 26, 27, [42] [43] [44] [45] Thirdly, the current study not only validated the intact model, but also performed a kinematic validation on the UKA FE model.
Nevertheless, several limitations should also be noted. First, the anatomy for the UKA design was based on, and virtually implanted in, only one subject. However, the advantages of a computational simulation with a single subject are the determination of the component alignment effect within the same subject and the elimination of variables, such as weight, height, bony geometry, ligament properties and component size. 46 in addition, a larger number of subjects will be evaluated in future studies. Secondly, the results do not necessarily predict clinical results and patient satisfaction. However, the contact stresses on the PE insert, cartilage and lateral meniscus are the key factors that should be investigated for the evaluation of the biomechanical effect in computational biomechanics. [16] [17] [18] [19] [20] [26] [27] [28] [29] [30] 35, [42] [43] [44] 46 in addition, as previously mentioned, the contact stress is closely associated with degenerative oA. Thirdly, only one standard UKA prosthesis was examined. Prostheses from other manufacturers with different types of PE insert and tibial trays may provide different results. Fourth, the bony structures were assumed to be rigid. A bone is composed of cortical and cancellous tissue, but the evaluation of the effect on the bone was not the purpose of this study. moreover, the bone had minimal influence on this study because it had a greater stiffness than the relevant soft tissues. 19 Finally, only the gait cycle was simulated, and more demanding activities, such as sitting and standing from a seated position, ascending and descending stairs, or squatting, would be required for a more reliable investigation in the future.
in this study, the contact stresses on the PE insert and the stresses in the lateral compartment were evaluated to investigate the biomechanical effect of the PS UKA compared with the standard UKA. in conclusion, the contact stress on the other lateral in the PS UKA was lower than that in a UKA with a standard off-the-shelf implant, indicating that the PS UKA may have an advantage in preventing progressive degenerative oA. However, in terms of the PE insert, the PS UKA could not be expected to extend the life expectancy of the insert any more than a UKA with a standard off-the-shelf implant.
